Abstract: A working small-footprint asymmetrically and vertically coupled hybrid Si/GaN microring resonator (HMR) was demonstrated. The HMR of a minimum radius of 20 m was fabricated in a high-yield ($90%) hybrid nanophotonic platform that allowed interactions between the GaN microring and the underlying Si waveguide circuit. The HMR's spectral response across the telecommunication C-and L-bands was measured. The high extinction ratio of up to 17 dB, the resonance linewidth as narrow as 40 pm, and the intrinsic quality factor of up to 70 000, which was the highest value for GaN microring reported so far, were achieved. The explicit analytical model for the high-index-contrast HMR was developed. Our basic study opened new possibilities for exploring GaN-Si nonlinear phenomena and for developing complex on-chip optical interconnects.
Introduction
In on-chip optical interconnects, a multitude of optical devices are put to work together to perform a variety of optical signal processing. Despite impressive progresses on Si nanophotonic devices such as waveguides, wavelength-add/drop microring resonators, photonic crystal delay lines, realizing a realistic on-chip optical interconnect often requires active devices that are hard to achieve from silicon alone. Hybrid nanophotonics that combines Si with other materials is thought as a potential candidate for realistic on-chip optical interconnects. For instance, all-Si Raman laser cannot be operated without external optical pumping [1] , whereas a relatively simpler electrically driven laser in an Si/InP/InGaAsP platform has been demonstrated recently [2] . Moreover, the hybrid nanophotonics can bring in a diverse set of exotic devices, such as electro-optic modulators (Si/InP and Si/LiNbO 3 ) [3] , [4] , photodetectors (Si/Ge) [5] , and second-harmonic generators (Si/Si 3 N 4 ) [6] . However, a demonstration of working hybrid Si/GaN devices that combine both the materials to form a functional structure, to our knowledge, has never been reported before.
Combining Si with GaN to form hybrid functional structures can be an interesting concept that leads to an all-round hybrid platform encompassing microelectronics, nanophotonics, and 
Design and Theoretical Modelling
The asymmetrically and vertically coupled hybrid Si/GaN microring resonator (HMR), consisting of a GaN microring on top of a straight Si bus waveguide (BW), is shown in Fig. 1 . The fabricated GaN microring structure prior to coating the top cladding is shown in the electron micrograph in Fig. 1(a) . The Si BW beneath the GaN microring is aligned to the left side of the microring as seen in the optical micrograph inset in Fig. 1(a) . A schematic of the device in Fig. 1(b) shows the crosssection of the whole structure which is buried in the cured flowable silicon oxide. The Si BW has a rectangular cross-section with a thickness of 260 nm and a width of 300 nm. The GaN microring has a thickness of 500 nm, an isosceles trapezoidal cross-section with an average width of 1105 nm (1360 nm at the bottom surface and 850 nm at the top surface), and a ring radius of either 20 m or 40 m. The coupling gap between GaN microring and the Si BW is 500 nm.
An analytical model is developed for describing the spectral response of the HMR. The transmitted powers at the through port of the asymmetrically and vertically coupled HMR is derived here in a closed form based on the exact coupled-mode solution in [23] and the recently reported improved Marcatili's method by Westerveld [24] . The improved Marcatili's method is applied so as to correctly describe for high-index-contrast waveguides the dominant electromagnetic field profiles of the guided modes, which are used for coupling parameter calculations in our study. Although the Si BW supports two guided modes, i.e., the fundamental quasi-TE mode and the fundamental quasi-TM mode, we consider only the coupling of the fundamental quasi-TE mode, which is the only mode that is excited and observed in our experiment. We re-express the exact coupled-mode solutions in [23] and relate the complex field amplitudes of the mode in the Si BW ðA 0 Þ and that in the GaN microring ðB 0 Þ at the input port of the device, shown in Fig. 2 , to those at the through port using the following scattering matrix (M):
in which L cp is the coupling length, and AðL cp Þ and BðL cp Þ are the complex field amplitudes at the through port. The other parameters ð e q;; a ; b ; a ; b Þ are related to the three basic coupling coefficients ð pq ; pq ; c pq Þ of the Si BW and the GaN microring and are detailed in the Appendix. For the present problem, it is assumed that both the Si BW and the GaN microring each have a rectangular cross-section, and they are straight and parallel to each other over the coupling region indicated in Fig. 2 . We confirm that the characteristics of the actual trapezoidal-crosssection GaN microring and the assumed GaN microring of a rectangular cross-section (1105 nm in width and 500 nm in thickness) are similar. The propagation constant , the evanescent amplitude decay x , and the effective index n eff of the trapezoidal-cross-section GaN microring are computed by using the planewave expansion method (MPB [25] ) and are compared with those of the rectangular-cross-section GaN microring calculated using the improved Marcatili's method, as shown in Fig. 2(b) . The discrepancy in the evanescent amplitude decay is around 3%, and the discrepancies in the propagation constant and the effective index are around 1.3%. Any reflection from the input port is assumed to be small and is neglected. The loss arises from coupling process between the two dielectric waveguides over a short propagation distance ð$ 5 mÞ is approximately zero compared with the much higher loss occurred over the longer propagation distance around the GaN microring ($ 120 m for the HMR radius ¼ 20 m). To apply the scattering matrix for our physical system, we further assume that the gap (500 nm) between Si BW and the GaN microring are large enough that the superposition of the two uncoupled modes from Si BW and the GaN reasonably represents the actual coupled mode in nature. The consequences of the assumption are that the total power ðPÞ of the coupled mode is approximately equal to the sum of the uncoupled-mode powers of the two waveguides, leading to i)
With the assumptions in place, the system become reciprocal and the scattering matrix become unitary and unimodular, having the same form as the universal one reported in [26] . The complex field amplitude of the GaN microring at the through port is related to that at the input port through the expression
in which , , and R are the propagation constant of the guided mode, the intensity attenuation coefficient, and the GaN microring radius, respectively. Substituting (2) into the second-row equation in (1) to obtain B 0 in terms of A 0 and further substituting B 0 into the first-row equation yield the complex amplitude ratio AðL cp Þ=A 0 after some rearrangements. The normalized transmitted power T at the through port of the Si BW is related to the squared magnitude of the complex amplitude ratio and is derived as follows: (3) is exactly equal to that in [27] when is approximately zero for large coupling gap. The model is more general than the ones in [23] and [27] in that it can be applied to either high-or low-index contrast problem with symmetric or asymmetric coupling.
Fabrication
The fabrication processes for the HMR are summarized in Fig. 3 . We developed the hybrid Si/ GaN nanophotonic platform based on the layer transfer technique reported in [28] . However, in this work, we introduce a Si photonic circuit just beneath the GaN circuit, effectively enabling the interactions between the two circuits of independent designs. We first patterned, by using a lift-off technique, the Cr/Au alignment marks having a total thickness of 100 nm on a siliconon-insulator (SOI) wafer of the size of 2 cm Â 2 cm [see Fig. 3(a) ]. The Si BW was then fabricated by electron-beam writing (JEOL JBX 5000-LS) at 50 kV acceleration voltage on a spin-coated resist layer (ZEP 520A) at a defined location with reference to the alignment marks. The Si device layer, which had a thickness of 260 nm, of the SOI wafer was physically etched in a fast-atom beam (FAB) of SF 6 plasma at an acceleration voltage of 2.10 kV to form the Si BW of the same thickness [see Fig. 3(b) ]. After cleaning away the resist, the first layer of flowable oxide (FOX-15 from Dow Corning) was spin-coated at 3000 r/min on the SOI wafer and partially cured at 150 C for 3 min [see Fig. 3(c) ]. Next, a backside-polished GaN wafer of the size of 200 m Â 1 cm Â 1 cm was placed on top of the spin-coated SOI wafer and was bonded to the SOI wafer at the bonding temperature of 400 C and a bonding pressure of 2 MPa held for 1 hour (EVG bonder), as shown in Fig. 3(d) . The 200-m-thick Si template at the backside of the GaN wafer was removed by deep reactive ion etching of SF 6 plasma for 30 min [see Fig. 3(e) ]. The 300 nm-thick AlGaN interlayer between the Si template and the 1 m-thick GaN was then removed, and the 1-m-thick GaN was thinned down to 500 nm by the FAB etching for 45 min at the acceleration voltage of 2.82 kV. The GaN microring structure, which was aligned to the Si BW using the alignment marks, was defined by an electron-beam lithography followed by the same FAB etching for 50 min [see Fig. 3(f) ]. Another flowable oxide layer was spin-coated on the wafer and was cured at 350 C in N2 environment for 1 hour to form the 800-nm-thick top cladding for the device [see Fig. 3(g) ]. The wafer was cleaved at both ends of the Si BW to obtain smooth end faces for end-fire coupling. The crosssection of one of the fabricated HMRs at the input coupling port is shown in Fig. 4 . The structure on the right in Fig. 4 is the cleaved Si BW into which lightwave can be coupled. The GaN layer on top of the Si BW was completely etched, so that light could be confined only to the Si BW structure. The structure on the left side in Fig. 4 is a nearby dummy structure which represents the coupling area between the Si BW and the GaN microring. The dimensions of the structure are detailed in the same figure. A working device was defined here as a device from which we could measure the characteristic spectrum of the HMR, which is detailed in the next section. Based on this simple criterion, we obtained 35 working devices out of 40 devices, which resulted in a yield of 87.5%.
Characterizations
We studied the spectral characteristic of the HMR by measuring the optical power transmission through the structure versus source wavelength. Each of the tested HMRs had a Si BW width of 300 nm. The GaN microring radius was either 20 m or 40 m, depending on the design. The sample containing the HMRs was mounted on a sample manipulator and was aligned to a single-mode lensed optical fiber. A lightwave signal from a tunable laser source (Agilent 81940A) was coupled to the Si BW at the cleaved edge of the sample through the lensed fiber. The Si BW, which supported only the fundamental quasi-TE mode and the fundamental quasi-TM mode, was connected to a TE-mode selector [29] , [30] located just before the HMR, as indicated in Fig. 5(a) . The fundamental quasi-TM mode, which could possibly be excited by the lensed fiber, in the Si BW was significantly filtered out after passing through the TE-mode selector, and the remaining fundamental quasi-TE mode excited the HMR structure. The remaining lightwave signal after passing through the HMR was coupled out to another lensed fiber which was connected to a photodetector and a data logger. We scanned the source wavelength over a range of 1520 nm to 1630 nm at an interval of 0.01 nm, entirely covering over the C-band (1530 nm to 1565 nm) and the L-band (1565 nm to 1625 nm). The optical energy buildup in the GaN microring at resonant wavelengths ð r Þ compared with the off-resonant wavelengths can be clearly observed as shown in the infrared micrographs in Fig. 5 . The measured transmitted power of the lightwave signal remained almost unchanged at off-resonant wavelengths and almost vanished at the resonant wavelengths. This results in the periodic dips in the measured transmitted power versus source wavelength shown in Fig. 6(a) and (b) for the GaN microring radius of 20 m and 40 m, respectively. The uniform spacing between adjacent dips in each spectra in Fig. 6 indicates that only one mode was excited in the HMRs. To identify the mode, we estimated the group index ðn g Þ of the mode by using n g ¼ 2 =ð2R Â FSRÞ, where FSR is the free-spectral range or the spacing between adjacent dips. The estimated group index of the HMR is plotted in Fig. 7 and is identified with that of the fundamental quasi-TE mode of the HMR computed by the planewave expansion method (MPB). We further determined the transmitted power spectra, shown in Fig. 6(c) and (d) , using the scanning resolution of 1 pm, around the resonant wavelength of 1560 nm for the 20-m-radius HMR and of 1587 nm for the 40-m-radius HMR, and found the resonant spectral linewidth, based on the full-width half-maximum definition, to be 39 pm and 60 pm, respectively. The loaded Q factor ðQ load Þ were found to be high for GaN structures with the values of 40 000 and 26 000, respectively. The intrinsic Q factor ðQ int Þ of 70 000 and 46 000, respectively, were estimated through the relationship among Q int , Q load , and the transmitted power fraction , according to [31] : Q int ¼ 2Q load =ð1 þ ffiffiffi p Þ. These Q factors of our HMR are, to our knowledge, the highest for the GaN microring structure which was previously reported in [13] . We also estimated the intensity attenuation coefficient ðÞ from the experimental data using the relationship between Q int , the resonant wavelength r , the freespectral range FSR, and the microring radius R, based on the method in [31] : ¼ r =ðQ int Â FSR Â RÞ. The relationship yielded of 6.2 dB/cm and 5.5 dB/cm for the 20-m and 40-m microring radii, respectively. The intensity attenuation of our microring shown in Fig. 8 is contributed mostly by the roughness of the very chemically resistant and tough GaN structure. In general the attenuation can be contributed by surface scattering, material absorption, and curvature of the microring. However, we neglected the material absorption because of the low exciting photon energy of around 0.8 eV compared with the GaN band gap (3.4 eV). The contribution due to the curvature was also ignored due to large microring radii (20 m and 40 m) for the high index-contrast structure of GaN and flowable oxide. After measuring the GaN microring top surface profile using a contact surface profiler as shown in the inset of Fig. 8 , we found the surface profile variance 2 to be (2.7 nm) 2 . Using the variance and assuming Gaussian statistics, we estimated the upper bound of surface scattering attenuation coefficient max to be 8.2 dB/cm by using the relationship in [32] : max ¼ 0:76 2 =ð2t 4 GAN n eff Þ, where is source wavelength, and t GaN and n eff are half the thickness and the effective index of the GaN microring, respectively. The upper bound surface scattering attenuation is higher than those extracted from transmitted power spectra and is of the same order of magnitude, confirming the correctness of the extracted parameters. By using our analytical model, it is possible to extract the coupling length L cp and , as well as to reveal the entire transmitted power spectrum. We show in the following that our model yields the reasonably well extracted values for the parameters. According to (3), the normalized transmitted power depends only on L cp , , , the HMR geometry, and the refractive indices. The refractive indices of the Si, the flowable oxide, the buffer oxide, and the GaN are wavelength-dependent and are described by the Sellmeier's equations in [33] - [35] . The refractive index of the flowable oxide is assumed to be the same as the buffer oxide. The device geometries are obtained from the fabricated devices. The only unknown parameters left in our model which are L cp and can be fitted to the experimental data if we assume that they are not wavelength-dependent over the investigated wavelength range. As shown in Fig. 9 , the coupling length L cp and can be fitted independently because only affects the resonance linewidth and the extinction ratio, whereas L cp affects only r and FSR. The coupling length L cp slightly affects FSR because FSR is inversely proportional to the distance around the GaN microring ðLÞ, which is in turn geometrically related to L cp through L ¼ 2Rð À sin À1 ðL cp =2RÞÞ, as illustrated in Fig. 2 . As a result, there is only a unique value of L cp that can yield a good fitting over the entire spectrum, since fitting with any other L cp value can only align a single dip but the other dips in the spectrum would be misaligned because of change in the FSR, i.e., the spacing between two adjacent dips. By adjusting the values of L cp and , we find that the theoretical We plotted the entire spectra for both device using the extracted L cp and , as shown in Fig. 6 . The extracted intensity attenuation coefficients obtained from our model not only are below the upper bound estimate of 8.2 dB/cm, as expected, but are also close to the aforementioned values extracted by the method in [31] . The smaller extracted L cp compared to the geometrical L cp of 4.9 m (for 20 m radius) and 6.9 m (for 40 m radius) in Fig. 2 could be because the GaN microring and the Si BW were not exactly parallel as assumed in the model. This results in mode mismatch and lesser coupling occurred. Thus, the geometrical L cp which is the actual physical overlapping length needed to be longer for the same coupling to happen.
Conclusion
We demonstrated the first working asymmetrically and vertically coupled hybrid Si/GaN microring resonator. The explicit theoretical model describing the transmitted power spectrum of the device was developed. We showed that the hybrid Si/III-V microring resonator made up of Si and GaN could be fabricated with almost a 90% yield by using the hybrid platform. Our basic microring resonator device of a small footprint ð20 Â 20 m basic couplings coefficients pq , c pq , and pq are detailed in [23] . The three basic coupling coefficients and the propagation constants only depends on the structure geometries and the refractive indices. These parameters together with the evanescent amplitude decays ( xp , yp ) can be calculated by using the improved Marcatili's method which can handle high-index-contrast problems [24] . In the method, we choose to satisfy the boundary conditions across all the material interfaces for the dominant fields (y-direction electric field and x-direction magnetic field) of the fundamental quasi-TE mode with x-direction electric field % 0. The expression of basic coupling coefficients pq , pq (with c pq % 0) are derived using the dominant fields and are found in terms of the longitudinal electric field amplitude E 0z as follows:
pq ¼ E 0z;p E 0z;q ! 0 n 
